FIGURE 2. Pathogenic mutations in the N-domain of VCP inhibit SUMOylation. A and B, the pathogenic mutation reduces the SUMOylation of VCP. HEK293 cells were co-transfected with the WT or indicated mutant VCP-His constructs together with SUMO-related plasmids, and analyzed for SUMO conjugation as described. C, the quantification of SUMOylation levels of indicated VCP constructs relative to that of the WT VCP in B. Data are shown as mean Ϯ S.E., n ϭ 3 experiments. D, protein sequence of the VCP N-domain with the sites of lysine (K) to arginine (R) mutations indicated. Every Lys in the N-domain was mutated and the position and the number of Lys to Arg mutations in each construct indicated (e.g. K60 -3 harbors 3 Lys to Arg mutations starting at the Lys 60 ). E, mutagenesis and SUMOylation analysis indicates 3 likely sites of SUMO conjugation in the N domain of VCP. All the Lys to Arg VCP mutant constructs were analyzed. F, the reduction of VCP SUMOylation by the pathogenic mutant is comparable with that of the SUMO-deficient mutant K60 -3. The SUMO-insensitive K148 mutant was included as a control. HEK293 cells were transfected as indicated, followed by VCP SUMOylation analysis.
Valosin-containing protein/p97(VCP) is a hexameric ATPase vital to protein degradation during endoplasmic reticulum stress. It regulates diverse cellular functions including autophagy, chromatin remodeling, and DNA repair. In addition, mutations in VCP cause inclusion body myopathy, Paget disease of the bone, and frontotemporal dementia (IBMPFD), as well as amyotrophic lateral sclerosis. Nevertheless, how the VCP activities were regulated and how the pathogenic mutations affect the function of VCP during stress are not unclear. Here we show that the small ubiquitin-like modifier (SUMO)-ylation of VCP is a normal stress response inhibited by the disease-causing mutations in the N-domain. Under oxidative and endoplasmic reticulum stress conditions, the SUMOylation of VCP facilitates the distribution of VCP to stress granules and nucleus, and promotes the VCP hexamer assembly. In contrast, pathogenic mutations in the VCP N-domain lead to reduced SUMOylation and weakened VCP hexamer formation upon stress. Defective SUMOylation of VCP also causes altered co-factor binding and attenuated endoplasmic reticulum-associated protein degradation. Furthermore, SUMO-defective VCP fails to protect against stress-induced toxicity in Drosophila. Therefore, our results have revealed SUMOylation as a molecular signaling switch to regulate the distribution and functions of VCP during stress response, and suggest that deficiency in VCP SUMOylation caused by pathogenic mutations will render cells vulnerable to stress insults.
Valosin-containing protein (VCP/p97, cdc48, Ter-94) 2 is a highly conserved member of AAA (ATPase associated with diverse cellular activities) family proteins. It is mainly composed of N-domain and two ATPase domains. By forming a homohexamer and binding various co-factors via the N-domain, VCP helps to remodel, unfold, or degrade protein sub-strates using the energy derived from ATP hydrolysis (1) (2) (3) . Due to its cellular abundance and broad interaction with a number of co-factors, key substrates, and regulators of the ubiquitin proteasome system, VCP has emerged as a vital modulator of a large variety of cellular activities, including protein degradation, ER stress response, autophagy/mitophagy, endosomal trafficking, cell cycle, and DNA repair (2, 5, 6) . However, the factors that regulate VCP activities are not clear.
The importance of VCP is also demonstrated by its association with cancer and degenerative diseases. VCP is highly expressed in non-small cell lung carcinoma (7) , and its expression is correlated with tumor progression and prognosis (8) . On the other hand, mutations in VCP have been associated with degenerative diseases, including inclusion body myopathy associated with Paget disease of bone and frontotemporal dementia (IBMPFD) and amyotrophic lateral sclerosis (ALS) (6, 9) . Most pathogenic mutations of VCP are found in the N-domain, with a few in the ATPase domains (10) . The pathology of VCP-associated degenerative diseases features ubiquitin-positive inclusions. Although some of the pathogenic VCP mutations have been shown to affect the ATPase activities (11, 12) or mitochondrial function (13, 14) , the effects of these mutations in protein homeostasis, especially in the cellular stress response associated with the development of degenerative diseases, are unclear. As weakened cellular stress response contribute to aging and the development of neurodegenerative diseases (15) (16) (17) , it will be of great interest to determine whether the pathogenic mutations in VCP also affect cellular stress response.
Protein post-translational modifications (PTMs) likely play important roles in the development of neurodegenerative diseases (18 -20) . Like epigenetic modifications (21) , PTMs could be one of the links between environment input/life experiences and the functional regulation of disease-associated proteins in the decades leading to neurodegeneration. One form of PTMs is protein SUMOylation, which is a lysine modification homologous to ubiquitination, and is facilitated by the E1-activating enzymes SAE1 or SAE2, the solo E2 conjugating enzyme Ubc9 and various E3 ligases (22) . By attaching the SUMO groups to certain lysine residues in the substrates, SUMOylation can modulate the stability, localization, and interaction pattern of the target proteins (23) . VCP has been shown to be phosphorylated, acetylated, or oxidized mainly at the C terminus (24) , and these modifications affect the ATPase activities of VCP.
Interestingly, a few recent reports have shown the SUMOylation of VCP-binding co-factors or substrates (25, 26) , and suggested the interplay between the SUMO and ubiquitin pathway in the functional modulation of the VCP complexes. Recently, mass spectrometry-based global studies of SUMOylation have identified VCP as a potential SUMO target protein among sometimes thousands of SUMOylated targets (27) (28) (29) (30) . However, the SUMOylation of VCP has never been further characterized. How SUMOylation affects the functions of VCP, and whether it is relevant to neurodegenerative diseases are unknown.
In this study, using in vitro and in vivo models, as well as primary cells derived from a patient carrying VCP mutation, we characterized the SUMOylation of VCP and identified it as a stress response that affects the activities of VCP. Furthermore, we found that N-domain pathogenic mutations in VCP caused attenuated SUMOylation of VCP, weakened hexamer assembly, and defective stress response.
Results
Pathogenic Mutations at the N-domain Inhibit the SUMOylation of VCP-The human VCP or its yeast homolog cdc48 has been suggested to be a potential SUMO substrate either by SUMO-binding domain prediction or global mass spectrome-try analysis (27, 28, 31) . It is unclear how the putative SUMOylation of VCP is regulated, and whether SUMOylation affects VCP function. To address these questions, we first set out to biochemically validate VCP as a real SUMO substrate. We cotransfected His-tagged VCP, SUMO conjugating enzyme Ubc9, and CFP-tagged SUMO-1 in HeLa cells, and detected the presence of SUMOylated VCP using denaturing RIPA or 4 M urea buffer ( Fig. 1A ). Furthermore, by fusing VCP with a functional (WT) or defective (C93S) Ubc9 (the Ubc9 fusion-directed SUMOylation approach) (32) , and co-expressed it with SUMO-1 (Fig. 1, B and C), we found the presence of SUMOylated, higher molecular weight VCP species only in cells expressing the functional VCP-Ubc9 fusion protein (Fig. 1C ).
To determine whether VCP is SUMOylated in vivo, we immunoprecipitated VCP from rat cortical tissues under a denaturing condition, and detected the presence of SUMOylated VCP (Fig. 1D ). In addition, the SUMOylation of endogenous VCP was suppressed in cells with knocked down Ubc9 expression ( Fig. 1E ). Taken together, these results confirmed that VCP is a SUMO substrate.
To identify the SUMO conjugation site within VCP, we first made two His-tagged truncation constructs expressing the N-domain (amino acids 1-208) or C-domain (amino acids Lysates were incubated with nickel-nitrilotriacetic acid-agarose beads to pulldown VCP-His, and then immunoblotted with anti-SUMO-1 (top panel) or anti-His antibodies (middle and bottom panels). Longer exposed gel image was used to show the amount of SUMOylated VCP relative to the unmodified VCP. B, diagram of VCP construct with Ubc9 fusion-directed SUMOylation (UFDS). C, UFDS of VCP. HeLa cells were transiently transfected with VCP-Ubc9-His and CFP-SUMO1. Total lysates were analyzed by immunoblotting with anti-His and Tubulin antibodies. D, endogenous VCP is SUMOylated in rat cortex. The cortical tissue from adult rats lysed in RIPA buffer were subjected to immunoprecipitation using anti-VCP antibody and then blotted with antibody to SUMO-1. E, suppressed endogenous VCP SUMOylation in cells with reduced Ubc9. HEK293 cells transfected with indicated siRNAs were cultured for 72 h, followed by analysis of VCP SUMOylation as described in D. Note the decreased global SUMOylation after Ubc9 knockdown. F, schematic representation of full-length and truncation constructs of VCP. G, SUMOylation of the VCP N-terminal truncation constructs. HEK293 cells were co-transfected with the WT or indicated VCP-His deletion constructs, and SUMO-related plasmids. E2, Ubc9; C-S1, CFP-SUMO1. SUMOylated species were determined as described above. Arrows and asterisks indicate unmodified VCP constructs and SUMOylated VCP, respectively. The Tubulin/Actin loading control shows that the identical amount of lysates were used for pulldown. 209 -806) (Fig. 1F ). The N-domain mainly contains the protein binding region, and the C-domain contains the D1 and D2 ATPase domains and the rest of the C-terminal VCP sequences. We found that the N-domain could be SUMOylated as efficiently as the wild-type VCP. In contrast, SUMO modification was completely absent in the C-domain ( Fig. 1G ). Thus, the N-domain of VCP harbors potential SUMO conjugation sites.
Based on sequence matching, VCP may contain two putative SUMO conjugation sites at lysine residues 190 and 486. We mutated these two lysines to arginines (K190R, K486R), respectively, and tested the SUMOylation capacity of these VCP mutants. Surprisingly, the mutation at neither site had noticeable effect on VCP SUMOylation, whereas the pathogenic mutation R191Q significantly decreased the VCP SUMOylation ( Fig. 2A ). This observation prompted us to test the effect of 5 other ALS-causing point mutations on VCP SUMOylation. All the N-domain pathogenic mutants we tested, including R155C, R159H, R95G, G97E, and A232E, could reduce VCP SUMOylation (Fig. 2, B and C) . In contrast, the D592N mutation at the D2 domain did not affect VCP SUMOylation (Fig.  2B ). These results suggest that reduced SUMOylation of VCP may be a common consequence of pathogenic mutations in the VCP N-domain.
As VCP was apparently SUMOylated at non-consensus sites, we mutated every lysine residue in the N-domain to characterize the SUMO conjugation sites. These mutants with 1 to 3 lysine residues switched to arginine ( Fig. 2D ) were tested for their SUMOylation capability. The triple mutations at lysine residues at 60, 62, and 63 (K60 -3), single point mutation at Lys 136 or Lys 164 led to clearly decreased SUMOylation of VCP ( Fig. 2E ). Furthermore, the reduction of VCP SUMOylation caused by pathogenic mutations and K60 -3 were comparable ( Fig. 2F ). Although it was surprising that our extensive mutagenesis failed to completely abolish VCP SUMOylation, these results suggested that SUMOylation at the N-domain of VCP is a dynamic event, and could occur at several sites subject to active regulation. It is conceivable that a number of lysine residues could act as SUMO conjugation sites to compensate for each other, and could be affected by the conformation changes caused by disease mutations even at non-lysine residues at the N-domain.
SUMOylation of VCP Is a Stress Response Regulating the Translocation of VCP to Stress Granules and Nucleus-Defec-
tive cellular responses to oxidative and ER stress contribute to the progression of neurodegenerative diseases (33, 34) . As VCP is a key regulator of ER stress, we aimed to test whether the SUMOylation VCP were altered during cellular stress response. We exposed HEK293 cells and primary neuronal cultures (data not shown) to various inducers of oxidative stress (paraquat or arsenite) or ER stress (MG-132 or tunicamycin) and determined the change of global protein SUMOylation. Arsenite and MG132 produced the most consistent induction of protein SUMOylation (Fig. 3A ). Next, we found that the SUMOylation of endogenous VCP gradually increased with rising dosage of MG132 or arsenite ( Fig. 3B) . Similarly, the SUMOylation of VCP increased in mice intraperitoneally injected with arsenite or paraquat ( Fig. 3C ).
VCP is an abundant protein capable of shuttling between various cellular compartments to regulate a variety of activities, including autophagy, endoplasmic reticulum-associated degradation (ERAD), and DNA repair (35) . We assessed whether the localization of endogenous VCP was altered under stress conditions. First, using biochemical methods, we extracted cytosolic proteins with 0.2% Nonidet P-40 buffer, and lysed the remaining Nonidet P-40-insoluble proteins, which mainly contain nuclear fractions, with the RIPA buffer. The purity of the cytosolic fractions was confirmed by the presence of tubulin and the absence of nuclear lamin (Fig. 4A ). It is worth noting that the RIPA fractions also contain cytosolic markers for stress granule, PABP and YB1 ( Fig. 4A ), suggesting that some stress granules were insoluble to Nonidet P-40 yet soluble in RIPA buffer. In cells treated with a higher concentration of MG132 or arsenite, we have observed a clear increase in the abundance of VCP in the RIPA-soluble fractions, and a corresponding slight decrease of cytosolic VCP (Fig. 4, A and B ), suggesting increased distribution of VCP to the nucleus and stress granules upon stress. Furthermore, the increased distribution of VCP in the nucleus/stress granules upon stress was also observed in the primary neuronal cultures (Fig. 4C) .
To further characterize the change in the subcellular distribution of endogenous VCP during stress response, we triple labeled VCP, nuclear DAPI, and stress granule marker YB-1 for immunofluorescence microscopy (Fig. 5A ). Our quantitative analysis of VCP subcellular localization showed a dose-dependent and statistically significant increase of VCP in the nucleus and stress granules when cells were exposed to arsenite ( Fig. 5 , A-C), confirming the biochemical analysis in Fig. 4A .
Finally, to evaluate the role of SUMOylation in the subcelluar distribution of VCP, we transfected SUMO protease SENP1 to block the global SUMOylation and VCP SUMOylation (Fig.  6A ), and then evaluated the presence of endogenous VCP in the RIPA-soluble fractions upon arsenite exposure. Inhibition of SUMOylation almost largely abolished the nuclear and stress granule translocation of VCP ( Fig. 6B ). To directly assess the effect of VCP SUMOylation on the subcellular distribution upon stress, we determined the abundance of WT and SUMOdefective mutants VCP K60 -3, K136 -1, or K164 -1 in RIPAsoluble fractions in arsenite-treated cells (Fig. 6C ). SUMO deficiency in VCP led to a statistically significant decrease in the distribution to the nucleus and stress granules upon stress (note the RIPA-soluble, arsenite ϩ group).
As pathogenic N-domain mutant VCP showed reduced SUMOylation, we assessed their distribution under stress. Like SUMO-defective mutants VCP K60 -3, K136 -1, or K164 -1, the N-domain pathogenic R155C and R159H VCP, but not the SUMOylation-insensitive D592N VCP, showed reduced nuclear distribution in cells exposed to arsenite ( Fig. 6D ). Taken together, these results suggest that the SUMOylation of VCP is a stress response that facilitates the cellular distribution of VCP to stress granules and nucleus, and the pathogenic mutations that caused SUMO deficiency show defective stress response.
Defective SUMOylation of VCP Caused by Mutations Reduced the Hexamer Assembly under Stress Conditions-As the post-translational modifications may affect protein conformation and protein interaction dynamics, we examined whether VCP SUMOylation might impact its hexamer formation, which is vital for the ATPase and protein degradation activities of VCP (36) . First, using native gels, we detected increased VCP hexamer assembly in arsenite or paraquattreated mice (Fig. 7, A and B ) that showed increased VCP SUMOylation (Fig. 3C ). Next, to validate the role of SUMOylation directly in a system modeling the cellular environment, we compared the hexamer assembly by the WT and C93S Ubc9-VCP fusion constructs, as the only difference between these two constructs was the SUMO status of VCP (Fig. 1C ). VCP-Ubc9-WT showed much enhanced hexamer formation than VCP-Ubc9-C93S or the control VCP-WT ( Fig. 7C ). We then used the more sensitive gel filtration method to separate the FIGURE 3. SUMOylation of VCP is a stress response. A, oxidative and ER stress increase global SUMOylation. HEK293 cells were treated with stress inducers and harvested at various time points as indicated. The global SUMO levels were determined by immunoblotting for SUMO-1. The concentration of each stressor is: paraquat (250 M), sodium arsenite (100 M), MG132 (15 M), and tunicamycin (5 g/ml). B, the SUMOylation of VCP is enhanced by arsenite or MG132 in a dose-dependent manner. HEK293 cells were treated with MG132 for 4 h or arsenite for 2 h at increasing concentrations, and the SUMOylation of endogenous VCP was determined using immunoprecipitation (IP)-immunoblotting as described in the legend to Fig. 1D . C, SUMOylation of VCP increases in vivo during stress. Wild type C57/B6 mice were treated with sodium arsenite or paraquat via intraperitoneal injection for indicated time. SUMOylation of VCP in the liver was analyzed by immunoprecipitation and immunoblotting. JULY 1, 2016 • VOLUME 291 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 14377 native protein complexes from cells expressing VCP-WT, VCP-Ubc9-WT, or VCP-Ubc9-C93S (Fig. 7, D and E) . The main peak of control VCP-WT was eluted in a fraction corresponding to a molecular mass of 670 kDa as indicated by the marker thyroglobulin, consistent with the size of VCP hexamer. Because the two VCP-Ubc9 fusion proteins were larger than the VCP-WT, the main peaks shifted to the left as expected (Fig.  7E ). As in native gel (Fig. 7C) , the abundance of the hexameric species for the VCP-Ubc9-WT fusion protein was much higher than that of the SUMO-defective VCP-Ubc9-C93S (Fig. 7 , D and E). There were multiple high molecular VCP-related bands observed only in the lysates from VCP-Ubc9-WT-expressing cells, likely the SUMOylated species (Fig. 7D) . The presence of these bands were also consistent with the high molecular weight protein smears observed in Fig. 6C . Therefore, these results demonstrated that SUMOylation of VCP promotes the VCP hexamer formation in cells.
Mutations Inhibits VCP SUMOylation and Stress Response
Previous studies have shown that the VCP hexamer assembly was not affected by pathogenic mutations (11, 37, 38) . However, in these studies, the SUMOylation was not a factor to modulate VCP activity. In fact, we have confirmed that in the absence of an increase of global SUMOylation as seen during stress response, there was no difference between the hexamer formed by WT or mutant VCP (data not shown). To test whether N-domain pathogenic mutations affected VCP hexamer formation in the presence of increased cellular SUMO levels, we compared the hexameric VCP formed by the WT, disease-causing mutants (R155C and R159H), and the SUMO-defective K60 -3, K164 -1, and K136 -1 VCP in the presence of SUMO-1 (Fig.   8A ). Our results showed reduced hexamer formation by the mutant VCP (Fig. 8A) . Furthermore, the level of reduction in hexamer formation by the pathogenic or the SUMO-deficient K60 -3 was similar. Although the reduction was only about 30%, the change was very reproducible. To further validate these results in a more physiological condition, we analyzed the VCP hexamer formation in primary cells derived from an IBMPFD patient carrying a heterozygous VCP G97E mutation (39) . Like other N-domain pathogenic mutations, the G97E mutation led to deficient SUMOylation (Fig. 2B) , and decreased VCP hexamer assembly ( Fig. 8C ) in primary kidney epithelial cells. These results suggest that decreased SUMOylation caused by N-domain pathogenic mutations in VCP may lead to reduced hexamer formation during stress response.
Defective SUMOylation of VCP Causes Altered Co-factor Binding, Impaired ERAD, and Increased Vulnerability to Stress Insults-VCP interacts with a large number of co-factors to exhort its diverse cellular functions, with most of the co-factors binding the N-domain of VCP (40) . For example, VCP forms a complex with NPL4 and UFD1 to facilitate the degradation of polyubiquitinated protein substrates in ER stress (41) . To determine whether deficient SUMOylation of VCP may affect cofactor binding, we assessed the binding between some main N-domain targeting co-factors (NPL4, UFD1, and p47) and the SUMO-capable (Ubc9-WT) or SUMO-defective (Ubc9-C93S) VCP-Ubc9 fusion proteins (Fig. 9A) . The SUMO-defective VCP showed clearly increased binding of NPL4 and p47, and mildly increased binding to UFD1 (Fig. 9A) . In contrast, the interaction between VCP and the ubiquitin chain-editing factor FIGURE 6. SUMOylation promotes the VCP translocation into the nucleus and stress granules. A, confirmation of decreased global and VCP SUMOylation caused by SENP1 overexpression. B, inhibition of global SUMOylation by SENP1 blocks stress-induced translocation of VCP. HEK293 cells were transfected with or without SUMO protease SENP1, followed by 50 M arsenite treatment for 2 h. VCP in each fraction was analyzed as described in the legend to Fig. 4A . Data are shown as mean Ϯ S.E., n ϭ 3 experiments. C, SUMO-deficient VCP exhibit decreased translocation upon stress. HEK293 cells transfected with the indicated SUMO-deficient mutants were treated with 50 M sodium arsenite for 2 h, and biochemically analyzed for distribution as described above. Quantification of the data represents as mean Ϯ S.E. n ϭ 5 experiments. D, pathogenic N-domain mutant VCP shows reduced nuclear distribution in cells exposed to arsenite. HEK293 cells were transfected as indicated. Data are shown as mean Ϯ S.E., n ϭ 3 experiments.
E4B, another co-factor binding to the VCP N-domain (42), was not affected by the status of VCP SUMOylation (Fig. 9A) , suggesting that the effect of VCP SUMOylation on protein binding is selective. Furthermore, pathogenic VCP mutants R155C and R159H, as well as the SUMO-deficient mutant K60 -3, showed statistically significant increased binding to NPL4 and p47 in the presence of increase cellular SUMOylation (Fig. 9, B and C) . However, in the absence of increased SUMO levels, there was no clear difference in NPL4 binding between the WT VCP and VCP mutants (data not shown). Therefore, defective SUMOylation of VCP leads to increased binding between VCP and cofactors NPL4 and p47.
We then compared the regulation of ERAD by the pathogenic and SUMO-defective VCP using a well characterized ERAD reporter TCR-␣-GFP (43). We first knocked down endogenous VCP using RNAi targeting the 5Ј-untranslated region, and then co-transfected the RNAi-resistant WT or various VCP mutants in cells stably expressing TCR-␣-GFP. Silencing the endogenous VCP significantly blocked the degradation of the TCR-␣-GFP. Although the WT VCP could fully restore the degradation of TCR-␣-GFP, the pathogenic mutants or the SUMO-deficient K60 -3 showed a significant functional impairment (Fig. 9, D and E) .
Finally, we assessed the effect of VCP SUMOylation in the protection against stress-induced toxicity in vivo. We made transgenic flies expressing the WT Ter94, the Drosophila VCP homolog, or the one carrying the double Lys to Arg mutations, Ter94 KK . The mutations in Ter94 KK were comparable with the SUMO-deficient K60 -3 mutant in the human VCP. Each transgene was inserted at the same integration site to achieve the same expression level, and the reduced SUMOylation capacity of Ter94 KK was confirmed (Fig. 9F ). Although the FIGURE 7 . SUMOylation of VCP promotes its hexamer assembly. A and B, increased VCP hexamer assembly in vivo during stress response. The abundance of the VCP hexamers in the liver of mice treated with sodium arsenite (A) or paraquat (B) were analyzed by PAGE under non-denaturing (ϪSDS) or denaturing (ϩSDS) conditions (see "Experimental Procedures"). Quantification of the data represents mean Ϯ S.E. n ϭ 3 experiments. C, Ubc9 fusion-directed SUMOylation (UFDS) of VCP promotes the hexamer formation. HEK293 cells were lysed and analyzed as described above. VCP hexamer formation was assessed in a non-denaturing (ϪSDS) condition, and the total VCP in each sample was determined by SDS-PAGE, and serve as loading control. D, size exclusion chromatography of His-tagged WT VCP and VCP-Ubc9 fused proteins. HEK293 cells were co-transfected with CFP-SUMO1 and the indicated VCP constructs, and the lysates were fractionated using size exclusion chromatography followed by SDS-PAGE and immunoblotting. E, quantification of the data shown in D. Elution peaks of molecular weight markers are shown. Results represent mean Ϯ S.E. n ϭ 3 experiments.
WT Ter94 was able to protect against arsenite-induced toxicity, Ter94 KK worsened the arsenite toxicity ( Fig. 9G ), suggesting that SUMO-deficient Ter94 KK has reduced protective capacity. These results suggest that defective SUMOylation may render flies vulnerable to stress insults.
Discussion
In this report, we have described a novel stress response, featuring the SUMOylation of ALS/FTD-associated proteins VCP. Under stress conditions, SUMOylation of VCP promoted VCP translocation to the nucleus and stress granules, increased VCP hexamer assembly, altered co-factor interaction, and facilitated ERAD. In contrast, N-domain pathogenic mutations in VCP caused attenuated SUMOylation of VCP, weakened hexamer assembly, and defective stress response. Therefore, our study highlights SUMOylation as a novel signaling switch to control the function of an essential regulator of misfolded-protein degradation during stress response, and suggests pathogenic mutations interfere with this process and render cells more susceptible to degeneration.
Two recent studies have suggested the emerging roles of VCP in the clearance and assembly of stress granules (44, 45) . Besides, the nuclear activities of VCP are crucial in the protection against the neurotoxicity in polyglutamine diseases, or in the degradation of misfolded nuclear proteins during ERAD (46, 47) . Mutations in the N-domain also lead to reduced nuclear entry of VCP, although with unclear mechanism (35) . Thus, our results suggest that the SUMOylation of VCP could be the upstream signal that promotes the distribution of VCP into the stress granules and nucleus upon stress insults.
Protein SUMOylation is a dynamic process, and it is an efficient means to quickly modulate the activities of the target proteins. Typically, only 1-5% of a SUMO substrate is modified (48) . However, this important form of modification is known to change the protein conformation and affect some key properties of the substrates, such as stability and protein interaction pattern (48) . For VCP, we have observed reproducible and consistent SUMOylation in the N-domain in cultured cells and in vivo. Moreover, our studies revealed that at least five pathogenic mutations in the N-domain reduced VCP SUMOylation, strongly suggesting defective SUMOylation as an underlying mechanism for abnormal VCP function. Some of the proteomics-based studies have previously identified VCP among thousands of putative SUMO substrates (27, 28, 49, 50) . However, there are large discrepancies in the substrates identified among various studies, sometimes even among the repeats performed in the same studies (30) . Depending on the sensitivity and methods used, not all the SUMO conjugation sites can be identified for every SUMO substrate. Using mutagenesis, we have attempted to identify the main SUMO conjugation site in VCP. Although we failed to completely abolish the SUMO conjugation, we have identified 3 sites (K60 -3, K136, and K164) that can greatly affect VCP SUMOylation. Based on gel patterns, it seems that these SUMO sites may not all be modified at the same time, as most of time we only observed one major SUMO-related band. However, in the presence of high SUMO concentration, poly-SUMOylation can occur. These observations suggest that there might be a few dominant SUMO reception sites; however, when mutated, there are other sites that can be SUMOylated as compensation. This idea is consistent with the study showing that SUMO conjugation could occur at many different lysine residuals, although with different affinity and frequency (28) . Thus, although the SUMOylation of VCP is readily detectable, the exact modification appears to be a dynamic process. Regardless, our results have showed the functional significance and disease relevance of the VCP SUMOylation.
Previous studies have failed to detect the effects of pathogenic mutations on VCP hexamer formation or co-factor binding under basal conditions (11, 37, 38, 51, 52) . However, our experiments have indicated that increased SUMOylation can promote the VCP hexamer assembly, and highlighted SUMOylation as a signaling switch to efficiently regulate VCP activities during stress response. Meanwhile, SUMO-defective VCP mutants showed increased binding to some co-factors targeting the VCP N-domain. Even though our results strongly suggest that defective SUMOylation causes altered co-factor binding, we could not entirely exclude the possibility that the altered co-factor binding to the VCP mutants may affect SUMOylation. As defective SUMOylation of VCP also lead to reduced hexamer formation during stress, the increased binding to cofactors may reflect increased availability of monomeric VCP. It has been shown that each VCP homohexamer can only bind one NPL4 (53) . It is worth noting that although the hexamer assembly and co-factor binding were not dramatically affected by the decreased SUMOylation observed in mutant VCP, the changes were very reproducible. Given the slow progressive nature of neurodegenerative diseases, small deficiency in VCP activities during aging-associated stress will likely accumulate and gradually make a big impact in the long run. It is a common feature that patients carrying pathogenic mutations at birth will not develop neurodegenerative symptoms until adulthood, even for diseases as severe as ALS (54, 55) .
Our results also provide new insights into the role of SUMOylation and PTMs in general in neurodegeneration. Genetic predispositions, such as N-domain mutations in VCP, could cause deficiency in PTMs that affect the protein function, especially during cellular stress. The non-genetic factors, such as aging or environmental-related stress, may further amplify the functional deficiency caused by the genetic factors and eventually accelerate the disease progression. As VCP is known to be phosphorylated and acetylated (24) , the functions of VCP are likely governed by potential cross-talk mechanisms among various forms of PTMs, especially given VCP itself as a key regulator of the degradation of ubiquitinated proteins. Our current study has provided evidence to demonstrate SUMOylation as an important molecular signal to enhance VCP function during stress response. Given the many functions attributed to VCP in various subcellular compartments, the cross-talk among the PTMs of VCP could be a fast and efficient approach to regulate VCP activities in stress response and aging, and warrants further investigation in the future.
Experimental Procedures
Human Primary Cell Culture-For the analysis of VCP hexamer formation under disease conditions, a 58-year-old male FIGURE 9 . Defective SUMOylation of VCP causes altered co-factor binding, impaired ERAD, and increased vulnerability to stress insults. A, defective SUMOylation of VCP leads to altered co-factor binding. His-tagged Ubc9 fusion-directed SUMOylation (UFDS) constructs of VCP were transfected in HEK293 cells and the binding to UFD1, NPL4, p47, or E4B were determined. B and C, the pathogenic or SUMO-deficient mutant VCP showed increased binding to co-factor NPL4 and p47. HEK293 cells transfected with CFP-SUMO1 together with various VCP constructs were analyzed as in A. Results represent mean Ϯ S.E. n ϭ 3 experiments. D and E, pathogenic or SUMO-deficient VCP mutants fails to degrade ERAD substrates. HeLa cells stably expressing the ERAD substrate TCR␣-GFP were first transfected with siRNA targeting 5Ј UTR to knockdown endogenous VCP, and then transiently transfected with the WT or mutant VCP as indicated. The degradation of ERAD substrate TCR␣-GFP was determined by antibody against GFP. Results represent mean Ϯ S.E. n ϭ 3 experiments. F, confirmation of decreased SUMOylation of Ter94 KK . Drosophila Ter94 and TER94 KK were subcloned in mammalian expression vector and transiently expressed in HEK293 cells. The SUMOylation capacity of Ter94 and TER94 KK were assessed by immunoprecipitation (IP) using an anti-V5 antibody followed by immunoblotting. Direct analysis of Ter94 SUMOylation in flies was attempted but not successful as the SUMO signals were beyond the detection limit. patient with the G97E mutation in VCP (described previously (39) ) and age and sex-matched healthy controls were recruited in this study for the culture of primary renal epithelial cells. Informed consent was obtained from all participants, and the study was approved by the ethics committee of Shanghai Jiao Tong University Affiliated People's No. 6 Hospital. Urine samples were collected as the source of the primary epithelial cell culture using the published protocol (56) .
Materials-The cDNA for the human VCP was reverse-transcribed and subcloned into the pcDNA3.1 expression vector (Invitrogen) with His 6 tag as described (57) . Various point mutations or truncation mutations of VCP were generated by PCR mutagenesis. Plasmids for Ubc9, CFP-SUMO1, and SENP1 were previously described (58) . The Ubc9 fusion-directed SUMOylation constructs of VCP were generated by fusing the VCP with the WT or C93S Ubc9 as described (32) . TCR␣-GFP was kindly provided by Dr. Ron R. Kopito (Stanford university) (43) . VCP and Ubc9 siRNA were chemically synthesized (GenePharma) with the following sequences: CGGGAGAGGCGCGCGCCAU (VCP) (59); CAAAAAAUC-CCGAUGGCAC (Ubc9 SiRNA1) (60); ACCACCAUUAUUU-CACCCGAA (Ubc9 SiRNA2) (61) . The primary antibodies used in the study were: anti-VCP antibody (MA3-004, Pierce); anti-YB1 antibody (ab76149, Abcam); anti-FLAG tag (DYKD-DDDK-Tag) antibody (M20008, Abmart); anti-SUMO1 antibody (33-2400, Invitrogen); anti-His tag antibody (M30111, Abmart); anti-GFP antibody (M20004, Abmart); anti-Lamin A/C antibody (2921, Epitomics); anti-V5 tag antibody (R960 -25, Invitrogen); anti-E4B antibody (5550, Epitomics); anti-UFD1 antibody (10615-1-AP, Proteintech); anti-NPL4 antibody (11638-1-AP, Proteintech); anti-p47 antibody (15620-1-AP, Proteintech); and anti-Ubc9 antibody (51018-2-AP, Proteintech).
Cell Culture, Transfection, and Treatment-HeLa and HEK293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) with 10% fetal bovine serum (FBS; Invitrogen) and antibiotics, at 37°C with 5% CO 2 . Cells were transfected with plasmids using Lipofectamine 2000 reagent (Invitrogen) and with siRNA by Lipofectamine RNAimax (Invitrogen). Cells were treated with sodium arsenite (S7400, Sigma), MG132 (47490, Merck), paraquat (PS366, Sigma), and tunicamycin (T7765, Sigma) as indicated. Primary cortical neuronal cultures were prepared from neocortical fragments of postnatal day 0 (P0) Sprague-Dawley rat pups as described (62) . HeLa cells stably expressing TCR␣-GFP were established by transient transfection followed by G418 (800 g/ml) selection.
Immunoblotting, SUMOylation Analysis, and Affinity Pulldown Experiments-The procedures for Western blotting and immunoprecipitation were described previously (58) . For the analysis of SUMOylation of endogenous VCP, one 10-cm plate of HEK293 cells was lysed in denaturing RIPA (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS) lysis buffer or 4 M urea buffer (4 M urea, 1% SDS, 10% glycerol, 25 mM Tris-HCl, pH 6.8, 1 mM EDTA, 0.7 M mercaptoethanol) supplemented with protease inhibitor mixture (Roche Applied Science) and 20 mM N-ethylmaleimide (E3876, Sigma). Lysates were incubated with anti-VCP mouse monoclonal antibodies and protein A/G-Sepharose (A10001, Abmart) for 16 h at 4°C with gentle inversion mixing. The beads were washed four times with lysis buffer, and eluted by 1ϫ SDS-sample buffer followed by SDS-PAGE analysis. For His-tagged VCP affinity pulldown, lysates were incubated with nickel-nitrilotriacetic acid-agarose beads (30230, Qiagen) for 3 h at 4°C. The amount of lysate input in immunoprecipitation and affinity pulldown experiments was similar in each sample as confirmed by loading control (actin or tubulin) using immunoblots. In addition, equal expression of various VCP constructs was also experimentally confirmed (data not shown). Beads were washed 5 times with washing buffer containing 20 mM imidazole, and eluted with 40 l of elution buffer containing 250 mM imidazole. Eluted proteins were first probed with anti-SUMO antibody to reveal SUMOylated proteins, or with anti-UFD1, NPL4, p47, or E4B antibody to reveal VCP binding co-factors, and then re-probed with anti-VCP antibody.
Immunofluorescence Microscopy-Z stack images were obtained with an inverted laser scanning confocal microscope (Nikon A1R) with ϫ60 TIRF oil immersion lens. Fluorescence intensity of VCP was determined using Image-Pro Plus 6.0 software. Nuclear VCP distributions were represented as: (nuclear VCP intensity/total cell VCP intensity) ϫ 100%. The number of stress granules (with a cut off diameter Ն2 m) in each cell analyzed in Fig. 6E were scored.
Analysis of VCP Hexamer Assembly-The abundance of VCP hexamer was analyzed as described (11, 63, 64) with a minor modification. Cells or tissue samples were first grinded in liquid nitrogen, and then collected in 0.2% Nonidet P-40 lysis buffer (20 mM HEPES, pH 7.2, 0.32 M sucrose, 5 mM MgCl 2 , 2 mM ATP, 0.2% Nonidet P-40 and protease inhibitors). One part of the supernatants from each sample was mixed with 2ϫ native sample buffer (62.5 mM Tris-HCl, pH 6.8, 40% glycerol, 0.01% bromphenol blue) for the analysis of VCP hexamer assembly by native PAGE (ϪSDS). To assess the abundance of VCP in the supernatant, an equal amount of the supernatants were analyzed by SDS-PAGE and immunoblotting analysis (ϩSDS).
For the gel filtration assay, lysates were set to 100 l and subjected to size exclusion chromatography using Superdex 200 10/300 GL column (GE Healthcare) at a flow rate of 0.4 ml/min. Gel filtration standards (MWGF1000, Sigma) were used as molecular weight markers. The protein containing eluted samples were collected and analyzed by SDS-PAGE and immunoblotting.
Nonidet P-40-soluble/RIPA-soluble Fractionation-To biochemically analyze VCP translocation under stress, cells were first lysed in 0.2% Nonidet P-40 lysis buffer and centrifuged at 10,000 rpm for 10 min at 4°C. The supernatant was collected as the Nonidet P-40-soluble fraction. The pellet was then lysed using denaturing RIPA buffer as the RIPA-soluble fraction. The purity of the nuclear and cytosolic fractions using this method was comparable with the commercial fractionation kit.
Stress Toxin Treatment in Mice-The treatment procedures were described previously (65) . Briefly, wild-type female C57BL/6 mice (purchased from SLAC Laboratory Animal Co.), ages 7 weeks (18 -20 g), were treated with sodium arsenite (5 mg/kg body weight) or paraquat (150 mg/Kg) via intraperitoneal injection.
Fly Stocks, Transgenic Fly Generation-Flies were maintained on standard food at 24°C and 60% humidity in 12-h light/dark cycles. For the generation of the transgenic flies expressing the WT or SUMOylation-deficient Ter94, the V5-tagged Ter94 fragment was subcloned into the pUASTattB vector, with pUAST-Ter94-V5 as a template (a generous gift from Dr. Zhao Yun (4)). PCR mutagenesis was used to alter the lysines at amino acid residues 57 and 59 to arginine to generate the SUMOylation-deficient Ter94 mutant. Finally, the transgenic flies were generated at the Drosophila core facility in Shanghai Institutes for Biological Sciences.
Arsenite Resistance Test in Flies-Male attP-86F8, UAS-Ter94, UAS-Ter94KK were crossed with virgin female C155Elav-Gal4 to obtain the male progeny. 20 Elav/ϩ, Elav/ϩ; Ter94/ϩ, and Elav/ϩ;Ter94KK/ϩ were placed in each vial, and transferred to vials containing 1 mM sodium arsenite mixed in standard food at the age of 5 days. At least 4 vials were used for each condition. The number of dead flies was scored every 12 h.
Statistics-The band intensity in immunoblots was determined by BIO-RAD Quantity One software. All the data are presented as the mean Ϯ S.E. The statistical significance was analyzed using Student's t test in all the experiments (***, p Ͻ 0.001; **, p Ͻ 0.01; *, p Ͻ 0.05).
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